Clinical drug development would be assisted greatly by the development of surrogate end points that could provide early and objective evidence of clinical activity. It is an issue that is becoming increasingly important as anticancer drug development diversifies away from a conventional antiproliferative approach to tumor-targeted strategies that focus on differing aspects of tumor versus normal tissue biology, such as increased angiogenesis and changes in signal transduction. The lack of conventional side effects associated with these new approaches to cancer treatment provides the rationale behind research into surrogate end points that could be used to optimize clinical dose and schedule finding studies. Noninvasive imaging is one approach that is currently under investigation as a method to test the ''proof of principle'' of the activity of new anticancer agents undergoing clinical evaluation (1 -3) .
The development of positron emission tomography (PET) to measure the pharmacodynamic effects of cancer treatment has focused on the most widely studied tracer, [ 18 F]fluorodeoxyglucose (4 -7) . [ 18 F]Fluorodeoxyglucose is taken up into tumor cells by Glut-1 receptors, and uptake is related to cell number (8 -10) . The potential of PET for predicting tumor response in the phase I setting was shown in a study of the tyrosine kinase inhibitor imatinib (STI571) in metastatic gastrointestinal tumors (11) . It is likely, however, that a more specific tracer would provide direct physiologic information about tumor function, whereas reducing the confounding influence of fluorodeoxyglucose uptake into tumor normal cell infiltrates (5, 12 ). 2-[
11 C]Thymidine PET is being assessed in man as a specific measure of tumor proliferation. Uptake of 2-[
11 C]thymidine is related to DNA synthesis (13) and, in comparison with [ 18 F]fluorodeoxyglucose, it has been shown to be a more sensitive discriminator of early clinical response in small cell lung cancer and sarcoma (14) . Our own studies in advanced human intra-abdominal malignancies have recently shown that 2-[
11 C]thymidine PET data correlate with ex vivo measurements of the Ki-67 index (15) , and that the tracer can measure thymidylate synthase inhibition (16 (17) . Fluorodeoxyglucose, however, does not produce labeled metabolites that can interfere with the measurement of PET tracer uptake into tumor cells. Therefore, there is a need to show the reproducibility of readily metabolized tracers, such as 2-[
11 C]thymidine. The aim of the work reported in this paper, therefore, was to examine the reproducibility of 2-[
11 C]thymidine PET by performing serial scans on patients with advanced intra-abdominal cancers.
Patients and Methods
Patients. The PET study was approved by the ethical committee of the Imperial College School of Medicine, Hammersmith Hospital, London, United Kingdom. Permission to administer the radioactive tracers was obtained from the Administration of Radioactive Substances Advisory Committee of the United Kingdom. Forty-five patients, with ages from 29 to 86 years (mean 52 years), with advanced intraabdominal malignancies were enrolled. All gave their written informed consent. The study comprised treatment-naïve patients with a performance status V1 (i.e., patients asymptomatic or symptomatic but fully ambulatory). To minimize intrapatient variability in hepatic and portal venous flow and the effect of circadian variations in metabolism, patients fasted for a minimum of 4 hours and were scanned at a similar time of day (18) .
Patient imaging. Imaging was done on an ECAT 931-08/12 scanner (CTI/Siemens, Knoxville, TN) at the Hammersmith Hospital after insertion in different limbs of arterial and i.v. cannulae for blood sampling and injection of radiotracer, respectively. Patient position was defined by X-ray simulation of the area of interest following localization of the tumor position from a recent computed tomography scan. A
68
Ge phantom was used to calibrate the PET data with radioactivity measured in a well counter. 2-[ 11 C]Thymidine was produced as described elsewhere (19) and administered i.v. as a bolus over 30 seconds, 30 seconds after the start of scanning. An on-line measuring system was used to record the radioactivity of arterial blood samples at 1-second intervals. Discrete blood samples were also taken to calibrate the radioactive counts, and the relative amounts of parent and metabolite compounds in the plasma were measured using high-performance liquid chromatography (20) . A time course for the release of 11 CO 2 in expired air was also obtained using nasal sampling (21) . Metabolite data from blood samples and exhaled 11 CO 2 were used to correct the total plasma input function for the contribution from labeled metabolites and to produce parent thymidine, intermediate metabolite (thymine, dihydrothymine, h-aminobutyric acid), and CO 2 input functions (21, 22) .
Positron emission tomography image analysis. Sinogram data were reconstructed into tomographic images using filtered back projection after transfer to a Sun SPARC Workstation (Sun Microsystem, Mountain View, CA). Voxel dimensions were 2.1 Â 2.1 Â 6.4 mm and the fullwidth half-maximum values at the center of the field of view were 8.4, 8.3, and 6.6 mm, respectively. Inspection of a recent computed tomography scan was used to assist the delineation of tumor and normal tissue regions. Regions of interest were drawn by hand, guided by diagnostic imaging, and defined using Analyze image analysis software (Biomedical Imaging Resource, Mayo Foundation) on integral images rather than individual time frames. All tumors >4 cm 2 contained areas of central necrosis that were excluded from the region of interest. Regions of interest were variable for tumors, but of similar size for normal tissues. Partial volume effects were minimized by using a minimum of five contiguous planes but not sampling the first and last two planes of an organ of interest, and by avoiding organ edges. Application of each region of interest to the corresponding dynamic image data yielded a time-activity curve.
Quantification of tissue tracer uptake. The tumor and plasma 2-[ 11 C]thymidine time-activity curves were used to calculate three parameters. 2-[
11 C]Thymidine data were normalized to account for patient body weight and injected dose to give the standardized uptake curve. The parameter SUV end (standardized uptake value at the end of the scan) in g/mL was calculated as the average value between 3,000 and 3,600 seconds. The parameter AUC 0-1 hour (area under the time-activity curve) in g-h/mL was calculated as the integral of the standardized uptake curve from injection to the end of the scan (3,600 seconds). The fractional retention of thymidine (FRT) parameter was calculated by tracer kinetic modeling using spectral analysis, which calculates the tumor impulse response function (IRF) from the metabolite corrected plasma input function and the corresponding tumor time-activity curve (23) . Values for IRF were obtained for the delivery (IRF 1 minute ) and the retention (IRF 60 minutes ) of the tracer in tissue and the fractional retention at 1 hour (FRT) was calculated as IRF 60 minutes /IRF 1 minute . FRT values can range from 0 to 1 corresponding with 0% to 100% of the delivered tracer being retained in a tissue at 60 minutes.
Statistical analyses. The variability of the blood and tissue data was expressed as a coefficient of variability (COV; SD / mean Â 100, expressed as a percentage). Intrapatient reproducibility was investigated Table 1 . Variability in plasma tracer and metabolite levels using a paired t test (two tailed), Pearson's correlation coefficient, and the intraclass correlation coefficient. A probability of P = 0.05 was used throughout to indicate a statistically significant result.
Results
Variability in plasma tracer and metabolite estimations. Fortyone of the 45 enrolled patients with advanced intra-abdominal malignancies (14 females and 27 males) were assessed for variability in blood tracer and metabolite estimations. Arterial data were not collected in the remaining four patients because of problems with the insertion of arterial cannulae. Due to the limitations of the sensitivity of the detection system for highperformance liquid chromatography analysis and the rapid clearance of 2-[ 11 C]thymidine, the threshold for highperformance liquid chromatography analysis was limited to 15 minutes from the start of scanning. In 2 of the 41 patients the plasma, 2-[ 11 C]thymidine levels derived by high-performance liquid chromatography were too low for accurate quantification and these patients were removed from the analysis. Table 1 summarizes the data for the remaining 39 patients.
2-[
11 C]Thymidine cleared rapidly from plasma and was degraded via its main radioactive metabolites to 11 CO 2 , the final labeled species. Three minutes after injection, 11 CO 2 was the main labeled species in plasma. The 11-fold rise in the COV with time shows that the interpatient variability in the fraction of 2-[ 11 C]thymidine in plasma increased with time following the start of scanning. Although the interpatient variability in plasma 11 CO 2 levels decreased with time, the COV remained at 20% 15 minutes following the start of scanning. In four patients, variability in the estimation of plasma 11 CO 2 was measured by obtaining triplicate samples during a single scanning session. This intrapatient variability in the estimation of plasma 11 CO 2 was around 10-fold lower than that seen between patients. By 3.5 to 15.25 minutes following the start of scanning, intrapatient COVs were only 1% to 2%.
Variability in tumor tracer pharmacokinetics. Tissue tracer pharmacokinetics were studied in 45 treatment-naïve patients with advanced intra-abdominal tumors (17 females and 28 males). The injected tracer data ranged from 80 to 689 MBq (mean 375 MBq) for dose, 5,400 to 63,100 MBq/Amol (mean 16,300 MBq/Amol) for specific activity and 97.4% to 100% (mean 99.4%) for radiochemical purity. The tumor timeactivity curves were similar in shape for all the patients (Fig. 1) . The uptake of tracer into tissue was rapid, reaching a maximum within 1 to 2 minutes, and was followed by a slower washout period. To assess intra-patient variability, repeat scans were done on a subset of seven patients. These patients were selected on the basis of being willing and able to undergo a second scan. The patient characteristics and data for these seven patients are given in Table 2 . There was a borderline significant difference between the paired tumor data for SUV end (P = 0.041), but not for AUC 0-1 hour (P = 0.81) or FRT (P = 0.90). Table 3 summarizes the PET parameter data. There was more variability x NOTE: n, total number of patients scanned. Data are missing because of an inadequate volume of normal tissue within the PET image or because an input function could not be obtained (FRT). *Seven patients were scanned for the assessment of intrapatient COV. c n = 6. b n = 4.
in the data between than within patients. There was a good correlation between the paired data for SUV end (r = 0.98), AUC 0-1 hour (r = 0.99), and FRT (r = 0.95). The intraclass correlation coefficients were 0.96, 0.99, and 0.95, respectively. Figures 2 -4 illustrate the correlations between the testretest data. Variability in normal tissue tracer pharmacokinetics. Normal tissue time-activity curves were generated for a subset of the patients for whom an adequate volume of normal tissue was available in the PET image. The liver curves were similar to tumor, but the spleen curves showed a rapid influx of tracer that was of greater magnitude than for tumor (Fig. 1) . A subsequent rapid decrease resulted in low tracer retention in the spleen. Interpatient variability was generally lower in liver and spleen than in tumor (Table 3) , which probably reflects greater tissue homogeneity. Tracer retention measured as FRT was highest in tumor and lowest in spleen.
Discussion
This study has shown that PET-derived parameters of thymidine tracer incorporation are reproducible in patients with advanced intra-abdominal malignancies. The analysis of PET images following administration of the readily metabolized [ 11 C]thymidine tracer is facilitated by measuring the levels of metabolites in blood and tissue, and applying a suitable model (24, 25) . Although pooled population input functions would be easier to use on a routine clinical basis, there was interpatient variability in the levels of CO 2 in plasma. Therefore, the results reported here show that for the calculation of FRT using [
11 C]thymidine, individual plasma input functions should be used and arterial blood sampling is required for all patients. This finding mirrors the results from other groups working on [
11 C]thymidine PET in head and neck (26) , and predominantly lung (27) , cancers. For example, the Shields et al. (27) study showed that 2.9 minutes following injection, 50% of the total radioactivity in blood was due to labeled thymidine. The interpatient COV was 21%. These values are similar to those reported here, where at 2.5 minutes 63% of blood radioactivity was due to thymidine and the interpatient COV was 14%.
There is no published literature describing the scanning variability of 2-[
11 C]thymidine PET in humans. [ 18 F]fluorodeoxyglucose PET has been shown to be reproducible in normal brain tissue (28) and malignant tumors (17, 29) . Fluorodeoxyglucose, however, is not a metabolized PET tracer, and the work here is, to our knowledge, the first report showing the reproducibility of PET in humans following injection of the Fig. 1at the end of the scanning period (average value between 3,000 and 3,600 seconds). Patients with advanced intra-abdominal cancer were scanned twice with an interval of 1week. The lines of identity are shown. metabolized radiotracer 2-[ 11 C]thymidine. The interpatient variability in tracer retention was expected given the heterogeneous patient population that comprised both primary and metastatic disease, and lesions that arose from a variety of different organs. In addition, there is considerable intratumor and intertumor variability in proliferation even between tumors of the same etiology (30) . As PET data are commonly presented as SUV and AUC, the parameters are described within this paper. Both interpatient and intrapatient variability were less for AUC than SUV. This observation probably relates in part to differences in the contribution of statistical image noise, because the AUC includes a greater fraction of the time course of tissue uptake curves and, therefore, includes more image counts. However, SUV and AUC are not based on kinetic models; a large part of the measured radioactivity can be attributed to the presence of labeled metabolites and unincorporated thymidine and their meaning is difficult to interpret. In comparison with SUV and AUC, FRT lessens the bias caused by labeled metabolites and unincorporated thymidine. We have previously shown that the FRT correlates with ex vivo measurements of tumor proliferation using the Ki-67 index (15) . In this publication we have extended that finding by showing that measurements of FRT in human intra-abdominal cancers are reproducible. Interpatient variability was at least 5-fold higher than intrapatient variability, with COVs of 47% and 9%, respectively. Therefore, these data support the use of FRT for pharmacodynamic studies of novel antiproliferative agents.
It is of interest to note that similar patterns of tracer uptake and retention were seen for the tumor and normal tissues studied (Fig. 1) . The peak tracer delivery and the washout phase are influenced by labeled tracer/metabolite retention in tissues. Variability in the curves between and within tissues reflects differences in pathology, physiology, function, and the retention of labeled tracer/metabolites. In the liver, it is likely that the main factors that influence tracer kinetics are the delivery and metabolism of the tracer. Work in animals has shown that the liver is an important site of 2-[ 11 C]thymidine metabolism (31, 32) , and that most of the measured radioactivity can be attributed to labeled metabolites. Despite expiration of large volumes of gaseous metabolites, large amounts of 11 CO 2 can remain and contaminate blood and tissue data (24) . Although intrapatient variability in FRT was highest in the spleen, this may be due to an outlier (Fig. 3) . As expected, FRT was highest in tumor, the tissue with the highest level of proliferation.
In summary, this study has shown that 2-[ 11 C]thymidine PET is reproducible. The conclusion from this work is that repeat scanning using 2-[ 11 C]thymidine PET is feasible to perform in the phase I clinical trial setting and should aid the future rapid assessment of new antitumor agents. 
